Aim: To assess safety via electrocardiographic (ECG), blood pressure (BP), heart rate (HR), and orthopedic responses to 3 different HIIT protocols in persons with stroke.
D r a f t
INTRODUCTION
Approximately 800,000 people are affected by stroke each year in the United States (Roger et al. 2012) . Coupled with a 35% reduction in the mortality rate in the past decade, the number of stroke survivors in need of safe and effective post-stroke rehabilitative care is significant (Go et al. 2014) . Approximately 50% of persons with stroke exhibit hemiparesis, or weakness on one side of the body (Go et al. 2014; Gresham et al. 1979) . As a consequence, a majority of persons with stroke have increased fall risk, decreased gait velocity, and exhibit markedly diminished aerobic capacity (Billinger et al. 2012; Billinger et al. 2014; Boyne et al. 2013; Michael et al. 2005) . This diminished capacity is related to long-term risk for additional cardiac events and recurrent stroke (Mora et al 2007; Tang et al. 2014) . Current post-stroke exercise guidelines recommend moderate-intensity continuous aerobic exercise to enhance motor recovery and improve cardiovascular conditioning (Billinger et al. 2013; Gordon et al. 2004 ).
However, recent evidence suggests that exercise conducted at higher intensities may be more efficacious than moderate-intensity exercise (Boyne et al. 2013; Boyne et al. 2015; Burgomaster et al. 2005; Hornby et al. 2011; Macpherson et al. 2011; Rognmo et al. 2014 ).
High-intensity interval training (HIIT) is an exercise training strategy that increases the overall time spent at higher intensities by using short bursts of very high intensity exercise interspersed with recovery periods. Original support for HIIT among non-disabled adults included the demonstration of enzymatic activity improvement and performance enhancement similar to that seen with moderate intensity exercise, but with a fraction of the time commitment (Burgomaster et al. 2005; Gibala et al. 2006) . Studies involving healthy and clinical populations have since shown that a variety of HIIT protocols are significantly more efficacious than D r a f t moderate-intensity exercise for improving VO 2 max, muscular force, muscular peak power and performance (Gibala and McGee 2008; Kessler et al. 2012) .
Evidence supporting the use of HIIT in specific high-risk clinical populations soon followed (Boyne et al. 2013 ). For example, Wisloff et al. (2007) shown to elicit significantly greater improvements in gait recovery (Lau and Mak 2011; Pohl et al. 2002) .
Despite the literature supporting HIIT as a clinical rehabilitative strategy, there is limited research on its safety in these populations. For example, previous randomized controlled trials of HIIT in stroke rehabilitation have not reported heart rate (HR) or blood pressure (BP) responses (Lau and Mak 2011; Pohl et al. 2002) . With regard to concerns of safety no adverse events were reported in either study. Wisloff et al. (2007) 
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Hypotensive responses following high intensity exercise in healthy male adults and in overweight women have been shown to be both intensity and modality driven (Eicher et al. 2010; Bonsu and Terblanche 2016) . Therefore, given the known transient increase in stress on the cardiovascular system associated with increases in training intensity, coupled with the intention of the HIIT protocol design to increase HR's above what would be attained through more traditional forms of aerobic interval training, it is prudent to establish safety guidelines for using HIIT in clinical populations. Specifically, individuals with stroke who tend to present with a wide variety of comorbidities, including a high rate of silent myocardial ischemia (Billinger et al. 2014; Adams et al. 2003) . Therefore the purpose of this study was to assess in persons with chronic stroke who have been screened by a symptom-limited GXT, their electrocardiographic (ECG), BP, HR, and orthopedic responses to 3 different HIIT protocols.
METHODS

Participants
The study was approved by the University of Cincinnati Institutional Review Board and conducted in a cardiovascular stress laboratory within the university hospital. Participants were recruited from the local community and provided informed consent prior to participation.
Inclusion criteria
1) age 40-85 years; 2) unilateral stroke experienced >6 months prior to enrollment; 3) gait speed <1.0 m/s, measured by the 10 meter walk test (Tilson et al. 2010) ; 4) able to walk 10 meters over ground with assistive devices as needed and no physical assistance; 5) able to walk 3 minutes on the treadmill at ≥0.13m/s (0.3mph) with no aerobic exercise contraindications (ACSM 2014; Macko et al. 2005) ; 6) stable cardiovascular condition (American Heart D r a f t 
Study design
A single-session crossover design was employed and is described in detail elsewhere (Boyne et al. 2015) . Briefly, after a clinical examination and ECG stress test to determine eligibility, each participant performed a second symptom-limited graded exercise test (GXT) to determine peak exercise capacity for heart rate (HR peak ) and blood pressure (BP peak ). The GXT protocol followed the recommendations of Macko et al. (2005) and involved holding the treadmill speed constant while increasing the grade 2-4% in two minute increments until test completion. Single sessions of three different treadmill HIIT protocols were then performed in random order with a one week washout period between sessions. All training sessions were conducted at the same time of day as the GXT.
HIIT Protocols
The 3 HIIT protocols differed based on the length of the recovery periods: 30 seconds (P30), 60 seconds (P60) or 120 seconds (P120). No stroke-specific data were previously available to guide in the selection of the recovery times. Therefore the HIIT protocol was D r a f t designed to maximize training intensity and the number of steps taken; both previously shown to enhance aerobic capacity (Lam et al. 2010; Globas et al. 2012) . Upon completion of a successful training burst, treadmill speed was increased by 0.1 mph for the next burst. When a participant exhibited a mechanical fault, speed was decreased by 0.1 mph for the next burst. During recovery, participants were given the option to stand still, march in place or sit, similar to previous studies (Burgomaster et al. 2005; Gibala et al. 2006 
Outcome Measures Myocardial Arrhythmia and Ischemia Monitoring
A 12-lead ECG was donned and continuously monitored for arrhythmia, aberrancy and any signs of ischemia during the stress test, HR peak test and for every HIIT session (Fletcher et al. 2013 ). Significant arrhythmia was defined as ventricular tachycardia, ventricular fibrillation or 3 or more multiform premature ventricular contractions in a span of 10 beats (Marzolini et al. 2012 ). Evidence of ischemia was defined as more than 1mm of depression at 60 to 80 ms past the J point and/or angina (Fletcher et al. 2013) . ECG monitoring continued following the GXT and each HIIT session with the participant in a seated position until resting HR recovered below D r a f t 100 beats per minute. Participants were also monitored for signs of stress or discomfort including pallor, cyanosis and angina.
Hypotensive Response Monitoring
Minimum BP during HIIT was determined for each session and defined as an initial increase followed by a subsequent drop of 20 mm Hg or greater. In addition, the difference between minimum HIIT BP and resting BP was obtained as an index of potential hypotensive responses (negative values would indicate that BP dropped below the resting level during HIIT) (Le et al. 2008) . Following each HIIT session the final BP response was measured with the participant in the seated position after their recovery HR dropped below 100 beats per minute. To further test for hypotensive responses, participants were asked to rate any sensations of nausea and lightheadedness on a 10 point visual analogue scale after each session.
Orthopedic Safety Monitoring
Participants were closely monitored at all times for any occurrence of orthopedic injury (e.g. fall,
ankle sprain). The number of times the fall protection harness was engaged was recorded during each HIIT session. Participants were asked to rate any sensations of pain on a 10 point visual analogue scale before and after each session. Cardiovascular Intensity Peaks HR was recorded continuously by the ECG during every HIIT session. Maximal HR and an individual's ability to exceed HR peak from the GXT were identified. Age-predicted HR peak was also determined to provide additional insight and clarity to the intensity of the HIIT protocols in the stroke population. The following formulas were used accordingly: 
Statistics
Continuous variables were described by means, 95% confidence intervals (95% CI) and ranges, while categorical variables were described by frequencies and proportions. Generalized linear mixed models were used to compare safety measures between HIIT protocols, using participant as a random effect to account for the repeated nature of the data. The appropriate distribution and link functions were employed, dependent upon the nature of the outcome variable; normal and identity for continuous, binary and logit for dichotomous, and negative binomial and log for the count; an unstructured covariance matrix was used. When the overall model was significant, pairwise tests were obtained using Tukey-Kramer adjustment for multiple comparisons. SAS v9.3 (SAS, Inc., Cary, NC) was used for analysis. The significance level was set at 0.05.
RESULTS
Of the 22 participants who consented for the study, 3 were excluded for not meeting eligibility criteria as follows: 1.5 mm of asymptomatic ST depression during stress test (n=1), resting ST depression that would have made a stress test uninterpretable (n=1), and lower extremity pain of 8/10 with gait (n=1). One additional participant was lost to follow up after one HIIT session due to personal reasons not related to the study. Thus, 18 participants successfully completed the study. Their demographics, gait and clinical characteristics are shown in Table 1 .
INSERT 
Orthopedic Safety Monitoring
Continuous observation found no orthopedic injuries and no participants reported new pain before or after any session (Table 3) . Four of 18 participants engaged the fall protection harness on at least one occasion. One of these participants engaged the harness 14 times (8 during P30; 2 during P60; 4 during P120). The other three participants engaged the harness 1 time each (1 during P30; 2 during P60).
DISCUSSION
The primary findings from this study were that in individuals pre-screened with ECG stress testing, HIIT was not associated with any signs of significant arrhythmia, myocardial ischemia, uncontrollable hypertension, symptomatic hypotensive responses or orthopedic injury among 18 persons with chronic stroke. Therefore, the incidence proportions for these variables were 0 serious adverse events (AE) per 18 participants and 54 HIIT sessions. Based on these preliminary findings, HIIT appears to be a reasonably safe training methodology in persons with chronic stroke when appropriate precautions including eligibility criteria screening, a GXT with ECG monitoring, and a harness for fall protection are implemented. It is important to note that 2 participants were excluded from participation in the HIIT sessions based on the results of baseline ECG screening, while a third participant was excluded due to baseline orthopedic pain.
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Also noteworthy is that our participants included one who had previously undergone a coronary artery bypass grafting (CABG), two with known heart valve issues, and two participants with a previous myocardial infarction (MI). In addition, 5 of the 18 participants were on HR limiting medications and were able to successfully participate in all 3 HIIT protocols.
Cardiovascular Intensity Peaks
With vigorous exercise there is an acute and transient increase in the risk for a significant cardiovascular event (Mittleman et al. 1993; Giri et al. 1999 ). This risk is increased in the presence of cardiovascular disease and especially silent myocardial ischemia, which has a reported 20-40% prevalence among persons with stroke (Adams et al. 2003) . Therefore, the American Heart Association recommends ECG stress testing prior to aerobic exercise for persons with stroke (Billinger et al. 2014) , to screen for ischemia. In the current study, the maximum training HR during each of the HIIT protocols averaged 88-97% of HR peak obtained during the baseline symptom-limited GXT, thus indicating high aerobic intensities. During the HIIT sessions, 6 (P30), 8 (P60) and 2 (P120) participants achieved training HRs greater than their GXT HR peak . Furthermore, 5 participants during P30, and 1 participant during P60 were able to sustain their exercise training HR above their recorded GXT HR peak for a duration longer than 1 minute. In addition, 7 (P30), and 3 (P60) participants were not able to complete their full 20 minute HIIT session due to volitional fatigue. While this shows promise for post-stroke HIIT to allow higher training intensities than are possible with continuous exercise, it also presents a safety concern. It is possible that future patients might have ischemia during HIIT that was not observed during a baseline stress test if the HR during HIIT exceeds the HR from the stress test.
There are at least 3 possible ways to address this problem: 1) new methods of stress testing could be developed to elicit higher HRs for persons with stroke; 2) HR during HIIT could be limited to D r a f t that achieved during the stress test by decreasing burst intensity or increasing recovery duration; or 3) ECG monitoring could be continued during HIIT (similar to the current study) until it is apparent that there will be no further increases in training HR.
Current post-stroke exercise guidelines recommend a systolic BP (SBP) hypertensive response cutoff of 250 mm Hg for termination of exercise testing or training (ACSM 2014). Our protocol cutoff was set at a conservative value of 220 mm Hg, based on previous post-stroke exercise guidelines which were in place when the study began (Gordon et al. 2004 ). The maximum SBP recorded within any of our sessions was 210 mm Hg and was measured on two occurrences in the same participant. Decreasing the treadmill speed during bursts allowed us to maintain his BP below 220 mm Hg throughout the session. Increased recovery duration was another potential option to limit the hypertensive response but was not used for this study because recovery duration was the independent variable of interest. The highest diastolic BP (DBP) recorded during any session was 112 mm Hg, which was approaching but still below the recommended cutoff of 115 mm Hg (ACSM 2014). These findings reinforce the importance of BP measurement during post-stroke HIIT and demonstrate the feasibility of maintaining BP control in the case of hypertensive responses.
Hypotensive Response Monitoring
We were concerned that HIIT may heighten a negative, acute post-exercise BP response. important to monitor, and may be more likely in protocols with longer passive recovery, but are not a major concern for these post-stroke HIIT protocols.
Orthopedic Safety
Increases in gait speed may introduce new movement patterns and therefore new tissue stresses not incurred since before the stroke. During screening, we did exclude 1 participant who reported 8/10 lower extremity pain with walking. No participants had increased pain or orthopedic injury during HIIT and no participants requested to discontinue a session for any reason other than fatigue. Although 4 participants did engage the safety harness on at least one occasion, each was able to complete all training protocols and no participants fell. These findings reinforce the need for orthopedic screening and a safety harness during post-stroke HIIT.
Limitations
The primary weakness of this study is the limitation in generalizability due to small sample size. Serious adverse events during aerobic exercise are very rare events, even for persons with heart disease (ACSM 2014). Therefore, if HIIT continues to show positive outcomes in stroke rehabilitation, large scale monitoring studies will be needed to definitively test safety compared to conventional approaches. In the meantime, investigators should systematically collect and report AE data so that risks and benefits can be appropriately weighed.
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It should be noted that our protocol involved only treadmill training and included a baseline physical examination by a physical therapist, a GXT reviewed by a cardiologist a safety harness, ECG, BP monitoring and continuous close observation during each session. We suggest that future studies of post-stroke HIIT should employ similar safety precautions and monitoring.
Another potential limitation is that our participants completed only 3 sessions of HIIT.
Additional therapy sessions or training dosage may increase the risk of orthopedic injury or a cardiovascular event.
Conclusions
Following safety screening including an ECG monitored stress test and ECG monitored training sessions, 3 HIIT protocols were not associated with any signs of cardiac insufficiency, symptomatic hypertensive or hypotensive responses, or orthopedic injury among 18 participants with chronic stroke. Therefore, post-stroke HIIT appears to be reasonably safe for further study, if the precautions and guidelines established are followed. Previous data and observed responses suggest that orthopedic and cardiac screening are needed prior to post-stroke HIIT and that a safety harness, ECG, BP measurement and close observation are needed during training.
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